We study the infrared phases of N = 1 QCD 3 with gauge group SU (N c ) and with the superpotential containing the mass term and the baryon operator. We restrict ourselves to the cases, when the number of flavors is equal to the number of colours, such that baryon operator is neutral under the global SU (N F ). We also focus on the cases with two, three and four colours, such that the theory is perturbatively renormalizable. On the SU (2) phase diagram we find two distinct CFTs with N = 2 supersymmetry, already known from the phase diagram of SU (2) theory with one flavor. As for the SU (3) phase diagram, consistency arguments lead us to conjecture that also there supersymmetry enhancement to N = 2 must occur. Finally, similar arguments lead us to conclude that also for the SU (4) case we should observe supersymmetry enhancement at the fixed point. Yet, we find that this conclusion would be in contradiction with the renormalization group flow analysis. We relate this inconsistency between the two kinds of arguments to the fact that the theory is not UV complete.
Introduction
One of the cornerstones in understanding of any quantum field theory (QFT) is the question about its infrared (IR) phase. If a theory is gapped, and it does not have any observables surviving below certain energy scale, it is said to be in a trivial gapped phase. The other possibility is that there is the mass gap, but non-local observables still possess non-trivial dynamics: in this paper we will call this situation a topological phase, since this dynamics is going to be described by a topological field theory (TFT). It can also be that some continuous global symmetries are spontaneously broken, leading to the absence of the mass gap and appearance of Goldstone particles in the IR. Of course, there may also be mixed cases, where both Goldstone particles and a TFT coexist. Quite often a theory may possess several phases depending on values of the UV parameters (coupling constants). Then, while smoothly varying the parameters, we can move from one phase to another. If the phase transition is of second order, two phases are separated by a conformal field theory (CFT).
Notable progress in revealing phase diagrams of three dimensional non-supersymmetric gauge theories has been seen in the last few years [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . In particular, phases non-visible semiclassically, and whose dynamics is quantum by nature, were conjectured to be present in several models: they were dubbed quantum phases in the literature. The existence of such phases followed from considerations of symmetries and related 't Hooft anomalies, including anomalies in discrete and 1-form symmetries (see [16] [17] [18] and references given above), while their conjectured IR dynamics came mostly as a guesswork. Those conjectures were subject to stringent checks, including the above mentioned 't Hooft anomalies matching, realisation of 3d theories on domain walls of 4d theories and D-brane constructions.
Despite this significant progress, gauge theories without supersymmetry are hard to study, and often one has to refer to an educated guesswork rather than systematic methods. In this regard, thrilling possibilities open up in the realm of N = 1 theories 1 . These theories recently have attracted much attention in the literature [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] . They are not as constrained as their cousins with higher supersymmetry, in particular N = 1 supersymmetry is "real", thus does not give rise to non-renormalization theorems, relying on holomorphy. This lack of protection makes quantum effects ubiquitous and important for the dynamics. Still, presence of (even little amount of) supersymmetry provides certain useful tools that allow for better control and deeper understanding of these theories.
A tool that has been playing a major role so far is the renowned Witten index [31] . It counts the difference between the number of bosonic ground states and the number of fermionic ground states, when a theory is quantized on a torus, and can be defined for any amount of supersymmetry. The Witten index does not change upon the smooth variation of the parameters, and can jump only when the superpotential changes its asymptotic behaviour.
Another property universal for all the supersymmetric theories is that all the SUSY vacua have vanishing energy, and as such phase transitions between SUSY vacua are always of second order. These two basic observations served as a guiding principle exploited in [19] , where phases of N = 1 SQCD with an adjoint matter multiplet and SQCD with a fundamental matter multiplet were described as functions of the matter multiplet mass. The subsequent generalisation for SQCD with several flavors was given in [24] .
In this paper we continue the investigation of N = 1 SQCD with gauge group SU (N c ) and with N F fundamental flavors, and study IR phases of the theory deformed by two superpotential operators: the mass operator considered previously and the baryon operator. We restrict ourselves to the case N c = N F , such that baryon deformation breaks explicitly U (1) B , but is invariant under global SU (N F ). The superpotential we consider thus takes the form W = m Tr QQ + (λ detQ + c.c.).
We thereby consider three cases in order.
We start with SU (2) theory with two flavors. In this case baryon operator is quadratic, and so in effect we have two different mass terms 2 . We find that two-dimensional phase diagram is crossed by two walls where the Witten index jumps, and by two lines where second order phase transitions occur. The first CFT turns out to be the same as for SU (2)
with one flavor, and the second CFT is the same as for SU (2) k + 1 2
, again with one flavor.
It is known [24, 26, 32] that SU (N ) k theory with one flavor experiences supersymmetry enhancement at the fixed point, therefore at the phase transition points we get N = 2 supersymmetry. The resulting phase diagram is summarised on fig. (1) .
The next example we consider is SU (3) theory with three fundamentals. In this case the baryon operator is cubic, and so this model can be considered as an N = 1 version of the critical scalar (when written in components, (1) produces quartic interaction for the scalars) 3 . Our approach is to study the structure of IR phases in different regimes, and then sew the resulting patches together. More concretely, we consider semiclassical limits of large positive mass and large negative mass, behaviour near the point m = 0, where the superpotential changes its asymptotic behaviour in some directions of field space, and also we are giving an effective description of the second order phase transition point, situating at some positive value of the mass. Quite remarkably, consistency of different patches suggests that at the phase transition point supersymmetry is enhanced to N = 2 4 . The resulting vacuum structure is depicted on fig. (2b) .
The last example we consider is the case of SU (4) gauge theory with four flavors. Anticipating the conclusion, we note that this example is sick, but in our opinion can serve as an illustration of the limitations that our arguments have. We first perform the same type of analysis that was applied for the SU (3) case, and again find that consistency requires SUSY enhancement. We then check this conjecture, performing the renormalization flow analysis and observe that supersymmetry enhancement can not really happen: the coupling λ is IR free, and so there are no new IR stable N = 2 fixed points. We interpret this inconsistency as a consequence of the fact that the theory is not UV complete, exactly due to the IR freedom of the baryon coupling constant. Indeed, while working with an effective field theory, we can not reliably study vacua located at the large field values. Since information about them was crucial in our analysis of the phase structure, we can not really trust the conclusions following from it.
As a final remark, we would like to mention the SU/U dualities for N = 1 SQCD discussed in [24] . Following [49] , it is natural to assume that across this duality baryons on the SU side are mapped to monopoles on the U side. Our results then can be viewed as predictions for N = 1 U (N ) SQCD deformed by a monopole operator. It would be interesting to work out the picture directly from the U side, providing a nontrivial check of the duality. We hope to report on it somewhere else.
The paper is organised in the following way. In the rest of this section we review the results about the phases of SU (N ) SQCD as a function of the mass parameter. In the three subsequent sections we describe our analysis of the SU (N ) QCD with N flavors and baryon superpotential for N = 2, 3, and 4.
One-dimensional phase diagrams
Generally speaking, we are going to be interested in the infrared phases of N = 1 G k Chern-Simons theories (where G denotes the gauge group and k is the Chern-Simons (CS) level 5 ), interacting with some matter multiplets in a representation R. It is straightforward to understand the IR dynamics when the matter multiplets are heavy, since they can be readily integrated out, leaving a pure vector multiplet in the infrared. Matter multiplets contain fermions, and upon their integration out CS level gets renormalized, with the renormalization being exact at one loop [50] . E.g. integrating out one Dirac fermion in a representation R, we get
with T (R) being the index of the representation. Thus, we are going to get G k − T (R) 2 theory for large negative mass and G k + T (R) 2 for large positive mass. Below we will focus on the case of SU (N ) gauge group, which is going to be relevant for the following sections, but the general picture we state below holds for other gauge groups and representations as well.
Witten computed the index of N = 1 SU (N ) k theories [51] (see also [52] ) with the result
The result for k ≥ N 2 can be understood as following. Supersymmetric completion of the Chern-Simons term is the mass term for the gaugini, and this mass is negative for positive k. Thus, at low enough energies we can integrate the gaugini out, generating the shift of the Chern-Simons level: k → k − N 2 . Also propagating gauge degrees of freedom are massive and can be integrated out, leaving the purely topological Chern-Simons theory SU (N )
in the IR. The index now corresponds to the number of states of this TFT put on a torus, or equivalently to the number of Wilson lines the theory possesses, which is indeed given by (3) . It is more involved to figure out the IR dynamics for the range 0 < k < N 2 . In this case supesymmetry is dynamically broken, giving rise to a Majorana goldstino. Moreover, as it was argued recently in [3] , there is a decoupled TFT of the form
With (3) at our hands we immediately observe that the index for large and negative matter mass is different from that of the large and positive matter mass case. This can be explained, if we assume that while varying the mass from large negative to large positive values, at certain points new vacua come up from the field space infinity, making the index deficit up. In more general theories, we may expect co-dimension one walls in the parameter space, on which the index jumps. A natural point for this to happen is the point m = 0, where the superpotential changes its asymptotic behaviour. At this point the tree-level superpotential vanishes identically, therefore classically we have a moduli space of vacua, which is however expected to be affected by quantum corrections, allowed by the N = 1 supersymmetry. Since finally we expect a single vacuum, as the mass is increased this newly appeared vacua have to consequently merge with each other and with the old vacuum we had for the negative values of the mass. They can merge all together at once, or one by one, in a sequence of phase transitions. These phase transitions are going to be of the second order, since all the vacua are supersymmetric, and so have the same vanishing vacuum energy.
The discussion in the previous paragraph was rather schematic, but this picture has been worked out in full details for the cases of adjoint and fundamental matter in [19] , [24] . In particular, in [24] the one-loop effective superpotential was computed 6 , with the result
where g is the gauge coupling, κ = k g 2 2π , T A is a generator of the gauge group in the representation R, and a is the flavor index.
We will now quote some results from [24] that will be useful for us later on. vector multiplet, while the large positive mass phase is given by SU (2) k + 1 2
(note that k is half-integer in this case).
In the range of masses 0 < m < m * there is additional trivial gapped vacuum. It comes from infinity as soon as we cross the point m = 0, and merge with the
vacuum at some point m * , producing the SU (2)
vacuum. This is the second order phase transition point, and supersymmetry is enhanced at the CFT point to N = 2 [24, 26] . The total Witten index is conserved:
2. In the case of SU (2) k gauge theory with two flavors the large negative mass phase corresponds to the SU (2) k−1 vector multiplet with WI = k, while the large positive mass phase is given by the SU (2) k+1 vector multiplet with WI = k + 2. At the point m = 0 classically we have a moduli space of vacua. Note that this theory possesses not just the naive U (2) global symmetry, but rather Sp(2) 7 . Sp(2) multiplets are formed
, and the gauge invariant description of the vacua can be given in terms of the meson matrix M M N =φ M iφ i N . Acting onφ by the gauge and global transformations, we can put M to the form
having in this way a one dimensional classical moduli space. However, it is going to be lifted at the quantum level. Indeed, using the explicit form of 5 and assuming small value of the mass parameter (such that we are still close to the classical moduli space point), we get
It is easy to see that the equation W = 0 for m ≤ 0 has a single solution at the origin, and for 0 < m < 3g 2 4π has two solutions, at the origin and for a finite value of v. The solution at the origin is identified with the vacuum that we have had for large and negative mass, while a new vacuum appeared from the field space infinity breaks the global symmetry to Sp(1), and is described at low energies by the non-linear sigma model (NLSM) with the target space
The Witten index for a NLSM is given by the Euler characteristic of the target space manifold [55] , which for the present case is 2. When m > 3g 2 4π , the two vacua merge into a single vacuum through a second order phase transition. The index is again conserved across the phase transition: (k − 1) + 2 = k + 1 3. SU (3) k with three flavors. For large negative mass at low energies we have N = 1
vector multiplet. When we cross the point m = 0, three new vacua appear: vector multiplet. We have 8
4. SU (4) k with four flavors. For large negative mass at low energies we have N = 1 SU (4) k − 2 vector multiplet. When we cross the point m = 0, four new vacua appear:
We can again check that
2 SU (2) gauge group with two flavors In this section we will chart the phase diagram of N = 1 SU (2) k gauge theory with two flavors and with the superpotential
where B is the baryon operator, B = detQ = 1 2 ab ij Q i a Q j b , (a, b) being flavor indices an (i, j) being colour indices. Without loss of generality we will consider λ to be real and positive (in this and in the following sections), even though sometimes it is useful to keep in mind that in principle it can take complex values.
Our proposal for the phase diagram of this theory as a function of m and λ is depicted on fig. (1) . Below we will explain and motivate this proposal.
To start with, it is useful to understand the large mass limits, where the matter multiplets can be integrated out semiclassically. Both superpotential couplings m and λ are mass 8 Here we use the following formula for the Euler characteristic of the coset space:
parameters, and for their generic values we have two modes with masses m − λ and m + λ. Thereby, we have three different regimes to consider.
• When m > λ, and assuming m, λ are large, we can integrate out two positive mass fermions in the fundamental representation, getting SU (2) k+1 pure vector multiplet. This corresponds to the region V on fig. (1) .
• When −λ < m < λ, there is a positive mass mode and a negative mass mode.
When fermions are integrated out, we get SU (2) k pure vector multiplet. This phase corresponds to the region III on fig. (1) .
• Finally, when m < −λ, we have two negative mass modes, and integrating them out we get SU (2) k−1 pure vector multiplet. This is the region I on fig. (1) .
Transitions between different semiclassical phases takes place near the locus m = ±λ of the parameter space: there one mode becomes massless, and classical moduli space of vacua appears. Therefore, quantum corrections become important for understanding of the dynamics, and more subtle analysis is required.
To proceed, consider first the transition between phase I and phase III along the line in the parameter space m − λ = const, and with m − λ being large and negative: see the arrow in the upper-left corner of fig. (1) . Along this trajectory one mode remains heavy, with the negative mass, while the second mass eigenvalue changes from large negative values, through zero, to large positive values. The heavy mode can be integrated out, and we get the SU (2) k−1/2 theory with one fundamental flavor, whose phase diagram was reviewed in section (1.1). In particular, phase I corresponds to the negative mass phase of this theory, while phase III corresponds to the large positive mass phase. We know that the transition between the two phases occurs in two steps. First, we cross the wall, and a new trivial gapped vacuum appears in addition to the topological vacuum we have had for negative mass. Second, the two vacua merge in a second order phase transition. On fig. (1) the wall is denoted by the blue line, the intermediate phase with two vacua is phase II, and the phase transition is denoted by the red line. We have already mentioned that at the CFT point supersymmetry is enhanced to N = 2. We conjecture that the wall can be continued up to the point m = λ = 0 (the wall of the one dimensional phase diagram), while the phase transition line can be continued up to the point m = m * , λ = 0 (the phase transition point of the one dimensional diagram). the second eigenvalue changes its value from large negative, through zero, to large positive. Once again, the heavy mode can be integrated out, and the transition is described by the SU (2)
theory with one fundamental flavor. We cross the wall (the blue line), and the new trivial gapped vacuum comes up from infinity in addition to the negative mass topological vacuum: this is phase IV. Two vacua then merge in the second order phase transition (the red line), giving rise to another N = 2 CFT. Also here we assume that the wall can be continued up to the point m = λ = 0, and the phase transition line can be continued up to the point m = m * , λ = 0. From these consideration we automatically get phase VI, consisting of the three vacua: on supporting SU (2) k−1 vector multiplet and two trivial gapped vacua.
We will now provide two checks of the picture described above.
1). behaviour near the point m = 0, λ = 0
When both m and λ are small, we can trace the appearance of new vacua by first considering the classical moduli space, and observing its lifting due to the added mass terms and one-loop quantum corrections to the superpotential.
Classical moduli space can be described by the 2 × 2 matrix q i a , which can be put in the diagonal form by gauge and flavor rotations 9 :
where q 1 can be made real. The superpotential for the moduli q i takes now the form
with the F -term equations
These equations have solutions away from the origin only if one of the compatibility conditions is satisfied:
9 Since the baryon deformation is not consistent with the Sp(2) global symmetry discussed in the introduction, we have only SU (2) F at our disposal When m < −λ, these conditions can not be solved, and so we have just one vacuum at the origin, with q 1 = q 2 = 0. When −λ < m < λ, we can have
which gives one new solution of the full system of equation, and consequently one new trivial gapped vacuum. When m > λ, we can have
meaning that there are two new solutions of the full system, or two new trivial gapped vacua.
To summarise, we observe that while varying the mass parameter for a fixed small value of λ, we cross the wall twice, each time creating a new vacuum . This is in agreement with the phase diagram on fig. (1) .
2). Behaviour near the point m = m * , λ = 0
We can also test our proposal considering effective description of the phase transitions. Assuming that only classically relevant and marginal operators are important, we consider the SU (2) k theory with the superpotential
wherem = m − m * . To study the vacuum structure of this theory, we again put the matrix q i m in the diagonal form, and try to find solutions of the resulting F -term equations:
We always have a solution q 1 = q 2 = 0. We observe further that we don't have solutions with one of the eigenvalues being zero, while another is different from zero. As such, let us concentrate on the solutions with both eigenvalues different from zero, and rewrite the equations in the following form, introducing a gauge-invariant meson matrix M n m = q i mq n i :
We see that both eigenvalues of M satisfy the same equation, and so must be equal. We also note that detM = BB. Assuming for simplicity that β is real and positive (this will not change the net conclusion), and assuming further that 1 + 2α + β + γ > 0, we find the following structure of solutions.
• Form > λ the only solution is M = 0, in this vacuum there are two positive fermions in the fundamental representation, and this corresponds to a single vacuum supporting the SU (2) k+1 vector multiplet.
• For −λ <m < λ we get a solution
This gives a new trivial vacuum, while the vacuum in the origin contains SU (2) k vector multiplet (where we took into account that fermionic modes now have two opposite signs of masses).
• Form < −λ we get two solutions
Since now there are two negative mass fermions, we get a topological vacuum with SU (2) k−1 vector multiplet at the origin, as well as two trivial gapped vacua.
As a result, we observe two phase transitions, both in agreement with the proposed phase diagram.
SU (3) gauge group with three flavors
We now turn to the consideration of N = 1 SU (3) k gauge theory with three flavors and once again in addition to the mass term add the baryon operator to the superpotential:
where this time B = det Q = 1 3! abc ijk Q i a Q j b Q k c , (a, b, c) being flavor indices an (i, j, k) being colour indices.
We start with a study of the semiclassical picture, which is supposed to be valid when matter fields are heavy enough. F -term equations take the form
For all values of the parameters we find the solution Q = 0. If the matter field are heavy, we can integrate them out getting an SU (3) In trying to find a solution away from the origin of the field space, we first note that if it exists, then rk Q = 3. It allows us to rewrite (19) in the form mQ + λ Q −1 det Q = 0, (20) or, introducing the meson matrix M = Q i aQ b i , we get the equation
which must be supplemented by the condition det M = BB. We then get a new solution of the form
with I being the 3 × 3 identity matrix. Semiclassically, when m goes to zero, this solution approaches the origin, and the moduli space of vacua opens up.
1). Behaviour near the point m = 0, λ = 0
As the second step, we take quantum corrections into account and consider the behaviour of the theory near the wall, namely near m = 0. When m = 0, the classical moduli space is lifted, remaining the vacuum in the origin of the field space. Yet, for λ = 0 another vacuum can be found. To see this, let us examine if there are vacua preserving the global symmetry. The strategy is to analyse the F -term equations for classical moduli. The matrix Q i a can be put in the diagonal form with the aid of gauge and global symmetry rotations,
and so the moduli can be chosen as q 1 , q 2 , q 3 . General F -term equations for them take the form∂
The function W one-loop , though can be computed explicitly, has rather complicated form. However, it simplifies when we restrict ourselves to the case q 1 = q 2 = q 3 = q, in which case the equation to be solved is
It always has a solution
which we identify with the trivial gapped vacuum we have had in the large negative mass limit. Classically it collides with the vacuum at the origin when m goes to zero, but quantum corrections make two vacua to repel.
When the mass becomes positive, some other solutions appear. In particular, the solution with q 1 = 0, and q 2 = q 3 = 0, existing for λ = 0, is not affected by the baryon deformation. Its low energy dynamics is still given by
Differently from the λ = 0 case, we do not have a solution with q 1 = q 2 , q 3 = 0, but we have a solution of the form q 1 = q 2 , q 3 = O(λ), which also breaks the whole gauge group and has the same pattern of global symmetry breaking:
In the infrared this vacuum is described by
We see that crossing the wall at m = 0, we find a phase with four vacua. We don't have a proof that there are no other supersymmetric vacua, but the vacua we have described are enough to match the index of the large positive phase: ) + WI(trivial vacuum).
These four vacua then must undergo a sequence of second order phase transitions, turning into the vacua of the large positive mass phase.
2). Behaviour near the phase transition points
In order to get more insights about the details of phase transitions points, we now use the effective description of the phase transition, assuming that classically relevant and marginal operators are the most important ones. We consider the SU (3) k theory coupled to three fundamental matter multiplets with the superpotential 
This must be supplemented with the relation det M = BB.
Straightforward analysis of this equation reveals the following picture. When 1 + 3α > 0, and the mass is sufficiently large (m > λ 2 4(1 + 3α) ), there are no solutions of the kind described above, when 0 <m < λ 2 4(1 + 3α) there are two of them,
and whenm < 0 there are again two solutions:
If, on the other hand, 1 + 3α < 0, there are two solutions for positive mass,
two solutions for λ 2 4(1 + 3α) <m < 0,
and no solutions form < λ 2 4(1 + 3α) . This disagrees with our expectations, according to which we must see one SU (3) Fpreserving vavuum to the right from the phase transition points and one to the left from the phase transition points. A way out is to require that 1 + 3α = 0. Indeed, having implemented this condition, we get the following equation for the eigenvalue µ of the meson matrix:m µ + λB = 0,
This is the same equation as eq. (21), and it exactly reproduces the behaviour we expect.
The condition 1 + 3α = 0 may look like inappropriate fine tuning, but in fact it becomes natural if we assume that supersymmetry at the fixed point is enhanced to N = 2: then α = − 1 3 is imposed by supersymmetry. The discussion above should not be considered as a proof of supersymmetry enhancement, but rather like an indication on that. Indeed, it is based on the assumption that irrelevant operators are not important for the description of this phase transition (or in other words, there are no dangerous irrelevant operators).
We now turn to the vacua breaking SU (3) F , and corresponding to the meson matrix with two equal eigenvalues and one eigenvalue different from the first two. Whenm < 0, a new solution appears:
This vacuum breaks flavor symmetry as SU (3) → S[U (2) × U (1)], and so we get a NLSM
in the IR. Moreover, gauge group is broken to SU (2). If − 2 3 λ 2 <m < 0 we have two positive mass modes and two negative mass modes, so CS level does not get renormalized.
If, on the other hands,m < − 2 3 λ 2 , there is one positive mass mode and three negative mass modes, therefore the level gets shifted: k → k − 1. The resulting low-energy dynamics is provided by the following theories:
, − 2 3 λ 2 <m < 0,
Whenm < − 2 3 λ 2 , another solution branches off from the one described above:
It breaks the gauge group completely, while the global symmetry is broken as SU (3) → S[U (2) × U (1)], which corresponds to
in the infrared.
All our findings can be sewed together in a complete picture, summarised on fig. (2b) . For large negative mass we have two vacua, one preserving gauge symmetry and one trivial gapped vacuum. After crossing the wall at m = 0, we find two new vacua, coming in from infinity. At some critical mass value these two vacua undergo a phase transition, merging into a single vacuum. The CFT at the fixed point is the same as for SU (2)
with one fundamental multiplet, and thus has N = 2 supersymmetry. Then the remaining three vacua experience another phase transition, after which we find the large positive mass semiclassical phase. We conjecture that around this fixed point the theory is dual to N = 2 SU (3) k + 3 2 theory with three chiral multiplets Φ m (m = 1, 2, 3), and with the superpotential
SU (4) gauge group with four flavors
We finally move to our last example, namely SU (4) k theory with four flavors and with the superpotential
where
being flavor indices and (i, j, k, l) being colour indices. In certain respects the situation here is similar to the SU (3) case. Following the same line of steps, we first consider semiclassical phases at large masses, positive or negative. F -term equations are
Again, we observe that there is a vacuum at the origin, Q = 0, and any solution away from the origin must satisfy the condition rk Q = 4. Rewriting the F -term equations in matrix form, we get m M + λ B = 0,
together with the relation det M = BB. It is then easy to obtain the solution we are looking for:
As in the previous case, in the semiclassical phases we have a trivial gapped vacuum in addition to the topological vacuum in the origin. We will now discuss the behaviour of vacuum solutions for small m and λ.
1). Behaviour near the point m = 0, λ = 0.
Vacuum structure in this regime can be extracted from the superpotential composed out of the mass deformation, baryon deformation, and one-loop quantum corrections:
As before, we start with the classical moduli space, parametrized by the matrix Q i m which can be brought to the diagonal form by gauge and global symmetry rotations: Q = (q 1 , q 2 , q 3 , q 4 ). The superpotential above should be written for these moduli, and determines how the moduli space is lifted. While the one-loop contribution is represented by a fairly complicated function, its form simplifies when we are looking for solutions with q 1 = q 2 = q 3 = q 4 = q. For this case the F -term equation to consider takes the form (we put m = 0 for a moment)
which always has a solution 10 . This symmetry preserving vacuum should be identified with the trivial vacuum we found in the large negative mass limit.
When m > 0, eq. (48) also admits solutions with q 1 = 0, q 2 = q 3 = q 4 = 0 and with q 1 = q 2 = 0, q 3 = q 4 = 0. These solutions are the same as for λ = 0, and at low energies reduce to
, WI = (k − 1)(k − 2) 2 × 4 (49) and
respectively.
We don't have a solution with three eigenvalues equal to each other while the forth is zero, but for m > 0 there is a solution of the form q 1 = q 2 = q 3 , q 4 = O(λ). It flows to
, WI = 4 (51) in the infrared. In summary, when we the mass is small and positive, we still have two vacua we have had for large and negative masses, and in addition three more vacua come from infinity. We expect that due to certain second order phase transitions these vacue will turn into the two vacua we have found for the large positive mass limit. It is easy to check that the total Witten index is indeed the one expected for the large positive mass phase.
2). Behaviour near the phase transition points.
To proceed, we consider the effective description of the phase transition point(s), considering the SU (4) k theory with the superpotential
withm = m − m * . The F -term equations following from the superpotential above are given by
Since we expect to have a trivial gapped vacuum for positive mass values, we start by looking for a solution, preserving SU (4) F . The F -term equations then can be rewritten in terms of the meson matrix M defined as above:
together with the relation det M = BB.
The number of solutions for different values of α, m and λ can be read off from table (4) . When 1 + 4α > 0 and 0 < λ < 1 + 4α, there are no solutions preserving SU (4) F and breaking SU (4) gauge for positive mass, and two of the for negative mass. On the other hand, when 1 + 4α < 0 and 0 < λ < −1 − 4α there are two such solutions for positive mass and no solutions for negative mass. This is in contrast with our expectations, since we expect to find one (and only one) solution of this kind for any λ. The way out is to assume that actually 1 + 4α = 0. This apparent fine tuning can again be explained by the assumption that at the fixed point supersymmetry is enhanced to N = 2. Let us assume that this indeed happens, and α = − 
The solution
breaks global symmetry as SU (4) → S[U (2) × U (2)] and gauge symmetry as SU (4) → SU (2). It is described by
NLSM. (59)
Tensions with the RG flow analysis
Above we have applied the same line of arguments as in section (3), and again we were led to conclude that supersymmatry enhancement takes place. A natural check to perform at this point is to study the renormalization group flow near the second order phase transition point we have observed. At large CS level we can neglect the Yang-Mills term, and the role of gauge coupling is played by g = 8π k [56, 32] . Therefore, at large k the theory is weakly coupled (at least as far as the gauge sector is concerned), and so we can rely on perturbation theory. There are three classically marginal superpotential operators controlling the RG flow: 
Beta functions for these tree couplings take the form β η 0 = 3 8192π 2 (175η 3 1 + 1440η 2 1 η 0 + 2240η 1 η 2 0 + 9216η 3 0 + 35η 2 1 g 2 + 320η 2 0 g 2 − − 105η 1 g 4 − 1280η 0 g 4 − 105g 6 + 1 3 |λ| 2 (1920g 2 + 33920 η 0 − 1920η 1 ),
β η 1 = 1 1024 (275η 3 1 + 1104η 2 1 η 0 + 2752η 1 η 2 0 + 240η 1 η 0 g 2 + 106η 2 1 g 2 − 96η 0 g 4 − − 303η 1 g 4 − 78 g 6 − |λ| 2 (12080g 2 + 6144η 0 − 1280η 1 )),
β λ = λ 1024π 2 (768|λ| 2 + 71η 2 1 − 208 η 0 η 1 + 2752η 2 0 + 32η 0 g 2 + 76η 1 g 2 + 1225 4
where beta functions for λ = 0 were known since [32] , and λ-dependent part is our contribution.
Let us first describe the situation when baryon deformation is turned off. RG trajectories for this case are depicted on fig. (3) . The fixed point relevant for the phase diagram under consideration is the green point number 2 (as can be seen using the analysis applied in the previous sections, other IR fixed points describe transitions between the sets of vacua different from those appearing on the phase diagram for SU (3) k with three flavors, and preserved U (1) B ).
Turning on λ = 0, we first notice that λ itself is IR free, and the baryon operator is irrelevant in the IR. If we now deform an IR stable fixed point from fig. (3) by the baryon operator, we will flow to the same point we started with, or at most cam jump to some other fixed point from the same diagram, meaning that no supersymmetry enhancement can be observed.
The explanation of this discrepancy is that, as we have just stated, the baryon operator is IR free (we do not expect this fact to be modified also in the full theory with the Yang-Mills term included), so that we are dealing with an effective field theory, which is not reliable at large distances in the field space. In particular, we can not really trust the large mass analysis from which we conclude that there must be two vacua for large positive mass phase, and this piece of information was crucial for our arguments. It would be interesting to understand better the UV dynamics of this theory (or find its UV completion), permitting the reliable study of the phase diagram.
